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Whys and wherefores of juxtaglomerular apparatus function. The
juxtaglomerular apparatus is an anatomic structure which links the distal
end of the thick ascending limb at the macula densa with the glomerular
vascular pole. Specialized intersitital cells and renin containing granular
cells are located in the vascular hilum at this site. Evidence has accumu-
lated that this connection is critical for local regulation of renin secretion
and glomerular vascular tone via the tubuloglomerular feedback mecha-
nism. The tubuloglomerular feedback mechanism maintains a constant
chloride concentration at the macula densa at a set point determined by
the volume state of the animal, a effect probably important for adjustment
of renin secretion to changing salt balance. Evidence supporting these two
regulatory roles is reviewed here.
Homer Smith and the juxtaglomerular apparatus
It is a consistent topographic feature in every nephron in the
mammalian kidney that the terminal portion of the loop of Henle
contacts the vascular pole of its own glomerulus. At this site of
contact, specialized epithelial and mesenchymal cells are arranged
in a structure called the juxtaglomerular apparatus. The subject of
this brief review is the integrative or regulatory role of this
tubule-to-vessel linkage. This seems a suitable topic to re-visit on
the occasion of this symposium, on the 100th birthday of Homer
Smith. The work of Homer Smith provides numerous examples of
the virtue of looking at biological design and asking its purpose.
Like many scientific topics of interest to Smith, the juxtaglomer-
ular apparatus is an adaptation to the necessity for salt conserva-
tion required for terrestrial existence. Like the regulatory issues
he studied, the understanding of JGA function has derived from
both anatomical and functional methods, and there is evidence for
the JGA mediated phenomena in other vertebrate species, such as
amphibia and birds, which face some of the same regulatory
problems.
Nonetheless, it is only fair to admit that Homer Smith didn't
think much of the juxtaglomerular apparatus. About the macula
densa he wrote:
"The distal tubule, returning to the neighborhood of the glomeru-
Iris, makes tangential contact over an extended region with the
afferent arteriole. In the region of contact the tubular epithelium may
be modified in some species from the low or cuboidal type typical of
the distal epithelium to a high or even columnar type.. . . This
modification of cell arrangement and structure, so far as is known,
has no functional significance and represents only a reaction to
mechanical strain where the tubule undergoes fibrous attachment to
the glomerulus" [1].
He also dismissed Goormaghtigh's prescient inference that
renin, the renal pressor substance, might be located in the
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epitheloid cells at the glomerular vascular pole, and the JGA
might serve a regulatory role in control of renin secretion:
"Goormaghtigh believes that [the juxtaglomerular apparatus] has
an important endocrine function. Other observers believe however,
that in man and dog at least, they are not endocrine cells. . . there is
no relation between the number of epitheloid cells and blood pressure
in Masugi nephritis or Goldblatt hypertension, or to diuresis and
pituitrin antidiuresis, adrenalectomy, hypophysectomy or avitamin-
osis A, D or E, and. .
.. [observers consider] the granular cells to be
non-functional degenerate smooth muscle cell" [1].
Smith's reluctance to give much credence to the functional
guesses of some of his contemporaries can be dismissed as
idiosyncratic or acknowledged as appropriate for the functional
data available. It is only in the two decades after Homer Smith's
death that strong evidence has accumulated for the functional role
of the juxtaglomerular apparatus. Here we will summarize some
key points in that evidence, concentrating on the homeostatic
problem of salt and volume regulation. The interested reader is
referred to other reviews for a summary of current understanding
of the cellular mechanisms operating in the JGA [2—4].
The macula densa—Uniquely positioned for volume sensing
Understanding extracellular volume regulation needs to begin
with identification of the signals the body uses to recognize
deviations in intravascular or extracellular fluid volume from
optimum values. The macula densa would appear to be a unique
type of volume sensor, the only chemo-sensor exclusively adapted
for this purpose. The most common type of sensors are sensitive
to mechanical stretch or strain. The body employs sensors of this
type, which at a molecular level probably respond to changes in
membrane voltage or intracellular calcium, for both pressure and
volume regulation. Important examples would include pressure
sensitive sensors in the aortic arch and stretch sensitive mecha-
nisms in the low pressure portion of the intra-thoracic circulation
and the atrium [4, 5]. Such sensors would appear to not fully meet
volume regulatory needs, and the macula densa represents a quite
different type of volume sensor.
The macula densa is positioned at a unique spot along the
nephron where salt concentration is highly variable and princi-
pally dependent on extracellular fluid volume and independent of
body tonicity [2, 6, 7]. Salt concentration does not vary much along
the proximal tubule. Along the medullary portions of the loop of
Henle, the degree of medullary tonicity is the principal determi-
nant of salt concentration. Similarly along the terminal parts of
the distal nephron and collecting duct, the presence or absence of
ADH and aldosterone will modify salt concentration. However, at
the terminal end of the TAL, where the macula densa is located,
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salt concentrations depend principally on flow rate. In the physi-
ological flow range, about 5 to 30 nl/min, Na and Cl concentra-
tions are estimated to vary by approximately 30 to 40 m, from
low values of approximately 10 to 15 mrvi [6, 7].
Na,K,2Cl cotransport properties—A good fit with the macula
densa signal
The principal transporter whose properties determine salt
transport and signalling function of the MD cell is the Na,K,2Cl
co-transporter. The importance of this transporter for JGA
function was first inferred from functional studies measuring
tubuloglomerular feedback responses [8, 9]. Later optical tech-
niques confirmed that furosemide reduced cytosolic chloride and
volume of macula densa cells [10, 11], and electrophysiological
techniques provided additional evidence for the presence of this class
of transporter in the apical surface of the macula densa [12, 131. The
transport properties of the co-transporter appear to determine the
salt concentration dependence of macula densa signalling. JGA
mediated responses are rather independent of Na concentration over
a wide concentration range, probably as a consequence of the high
affinity of the co-transporter for Na [2, 14]. Therefore, Na concen-
trations achieved in viva probably always result in saturation of
responses. However, macula densa mediated functional effects de-
pend markedly upon Cl concentration in the physiological range of
approximately 15 to 60 mrvi [2, 3, 15], a profile consistent with the
lower Cl affinity of the transporter [14].
Recently key members of the Na,K,2C1 cotransporter family
have been cloned [16, 17]. Although preliminary immunohisto-
chemical studies suggested that the apical co-transporter was not
expressed in macula densa cells, subsequently its expression has
been confirmed in this cell type [18]. Several cassette variants
(called A,B and F) of the apical transporter have been found in
kidney [16]. By RT-PCR we have demonstrated that the macula
densa expresses both the A and B isoforms (Yang, personal
communication). It will be of interest to correlate functional
properties of the specific isoforms expressed in macula densa cells
with JGA functional responses.
Macula densa salt concentration and renin release
Under normal conditions, renin secretion and synthesis are
closely coupled to the salt balance of the organism. The MD
sensor for renin release is probably one of the key mechanisms
responsible for coupling salt balance with activation of the
renin-angiotensin system. It operates synergistically with the other
two members of the classic triad of renin release regulators: the
barorecepetor and the sympathetic nervous system, the redun-
dancy of these mechanisms probably reflecting the evolutionary
importance of salt conservation.
The early studies of MD-mediated renin release used whole
animal manipulations, largely in dogs. In the first studies designed
to investigate the effect of the MD on renin release, Vander and
Miller [19] observed an inverse correlation between venous renin
activity and sodium excretion, but no correlation between renin
and mean arterial pressure, renal plasma flow or plasma sodium
concentration. These findings led them to suggest that a low
sodium delivery to the macula densa might stimulate renin
release. Later, by administering a wide variety of Na and Cl salts,
Kotchen and co-workers demonstrated that Na without Cl was
unable to inhibit renin release, wheras Cl without Na retained the
inhibitory ability of NaCl [20, 21].
The whole animal studies did not lead however, to a consensus
about macula densa regulation of renin release. One review
author wrote in 1987: "the existence of a macu/a densa mechanism
for renin secretion remains to be demonstrated" [22]. A variety of
obstacles were difficult to overcome in intact animal experiments
and limited the general acceptance of the results emerging from
these studies [23]. These included: (a) the complexity of the whole
animal manipulations; (b) uncertainty about NaCI concentration
at the MD; (c) inability to determine renin released from a single
JGA quantitatively; and (d) difficulty in isolating the MD signal
from the other mechanisms that also influence renin secretion.
These difficulties provided the motivation to develop in vitro
approaches. Juxtaglomerular apparatus specimens consisting of a
portion of the TAL, including MD, a portion of the distal tubule,
the adherent glomerulus and fragments of the afferent and
efferent arteriole have been dissected from rabbit kidneys and the
tubule cannulated and perfused so that fluid at the MD can be
varied [15, 23—25]. With this technique, it has been demonstrated
that high NaCl concentrations at the MD are associated with
suppressed levels of renin secretion and that a reduction of NaCI
concentration stimulates renin secretion. Macula densa-depen-
dent renin secretion was characterized by prompt (within less than
4 mm) onset and offset after step changes in NaC1 concentration
and by essentially complete reversibility [24, 25]. The sensitive
concentration range was similar to that observed with TGF, about
20 to 80 m'vi [15, 25]. Stimulation of renin secretion by a reduction
in luminal NaC1 at the MD was also seen when perfusate
osmolality was kept constant by the addition of mannitol [15].
Studies with this technique indicate that renin secretion responds
more substantially to a reduction in MD NaCI concentration than
NaCl delivery [25], a finding that contrasts with earlier micropunc-
ture data [26]. The discrepancy probably arises in part from the
inaccuracies in estimating MD NaCI concentration from early
distal measurements [7].
The in vitro studies have yielded a quantitative estimate of the
effect of MD NaCl concentration on renin secretion. Assuming a
linear correlation between the changes in NaCl concentration and
renin release, the in vitro results predict that single JGA renin
secretion increases by about 0.5 nGU!min!mEq decrement of
NaCI concentration [15, 25]. Using this sensitivity approximation,
one can estimate that PRA would increase approximately fivefold
if NaC1 concentration at the MD fell by 10 mtvi.
The tubuloglomerular feedback mechanism
The other known effect of increasing salt concentration in the
tubular fluid at the macula densa is a fall in single nephron GFR,
the so-called tubuloglomerular feedback response [27, 28]. A
large body of experimental data, extensively reviewed elsewhere
[2, 3], has established that afferent vascular tone is regulated by
salt concentration at the macula densa. The vasoconstriction
produced by a physiological elevation in salt concentration pro-
duces a potential homeostatic feedback loop, which has the
physiological effect of stabilizing salt concentration at the macula
densa. The operation of this feedback mechanism and its physi-
ological consequences has been the subject of rather extensive
study, using both experimental approaches and mathematical
regulatory methods [2, 3, 29].
These studies have explored two functional effects of the TGF
mechanism, stabilization of GFR and stabilization of distal salt
delivery. In a number of circumstances, the TGF feedback loop
can be shown to participate in the adjustments that maintain GFR
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constant, for example when arterial pressure changes [2, 3].
Nevertheless, constancy of distal salt delivery appears to be
favored over constancy of filtration. Increasing NaC1 concentra-
tion at the MD, whether a consequence of an increase in filtration
rate or decrease in proximal tubular absorption, will activate the
tubuloglomerular feedback (TGF) control mechanism. The re-
sultant reduction in filtration rate limits salt delivery in the
collecting system, where the capacity to absorb NaC1 is low. The
magnitude of the filtration rate response to a change in luminal
NaCI concentration, the TGF sensitivity, is highly variable: it is
high in the volume-depleted state, a condition in which tight
control of distal salt delivery is necessary [2, 3]. The functional
coupling is relaxed during extracellular volume expansion, per-
mitting a rise in the concentration of chloride at the macula densa
[2, 3]. In fact, as is typical for variables controlled by simple
feedback loops, chloride concentration at the macula can be
shown to oscillate around the set point, which is determined by the
volume state of the animal [29]. The TGF mechanism creates these
oscillations and blunts deviations in macula densa chloride that might
occur with transient changes in GFR or arterial pressure.
Why the need for constancy of distal chloride? This, like most
teleological questions, is not easy to answer definitively. One
explanation is that the large amount of NaC1 filtered into the
proximal tubule represents a persistent threat to body NaCI
homeostasis by its potential to overwhelm the transport capacity
of the nephron. The TGF mechanism would control this risk.
Alternatively, a constant and appropriate signal to the renin
secretory mechanism may ensure that renin secretion is only
activated by a persistent fall in salt concentration, and thus the
TGF mechanism could be seen as preventing modest fluctuations
in renal blood flow and GFR from being coupled with inappro-
priate alterations in renin release. Viewed thus, the TGF mech-
anism would be an initial and short-term regulator, which would
be over-ruled, or re-set by more drastic or persistent challenges to
volume homeostasis.
It seems reasonable to conclude that the two phenomena
operating through the juxtaglomerular apparatus, regulation of
renin release and renal vascular tone, are coordinate parts of a
regulatory process, still incompletely understood, which maintains
the exquisite and appropriate adjustments of salt excretion and
blood pressure needed for our free-roving terrestrial existence.
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